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Abstract 
Blood glucose monitoring is a primary tool for the care of diabetic patients. At present 
there is no non-invasive monitoring technique of blood glucose concentration that is widely 
accepted in the medical industry. Some promising success has been shown by the RIT ETA Lab 
research group that an antenna's resonant frequency can track, in real time, changes in glucose 
concentration. However, these changes in antenna response would be unique to an individual 
depending on various parameters such as the person's metabolism, body mass index, chemical 
profile etc. Therefore, amongst the several issues that still need to be addressed in the 
development of a noninvasive methodology; an important one is the calibration unique to each 
individual patient. The objective of the present work is to establish a calibration by developing 
an equivalent circuit model to represent the antenna input impedance with changing glucose 
levels. Using the calibration, the glucose level is estimated from the measurement of antenna 
impedance and resonant frequency at a later date. 
Measurements were made on a diabetic and non-diabetic subject with a blood glucose 
meter and with a planar dipole antenna connected to a network analyzer. The network analyzer 
was automated to make input impedance measurements in real-time using Labview in 15 second 
intervals and calculates the resonant frequency of the antenna. The resonant frequency of the 
antenna and the reference glucose values using a blood glucose meter were measured. The 
resonant frequency of the antenna is plotted in real-time for instant analysis and trends. A linear 
estimation for the glucose based on the resonant frequency of the antenna was compared to 
reference measurements taken by a blood glucose meter. 59% estimates were with 20% of the 
reference measurements for the diabetic patient. 
An equivalent circuit model, developed to estimate glucose concentration, was found to 
have a shunt resistance, series capacitance, and shunt inductance. The component values for this 
circuit are generated from the experimental results of the diabetic patient, unique to the subject. 
The component values are iteratively varied until they reflect the impedance of the input 
impedance. Because the input impedance is changing over time, the component values change 
over time. The calibration model uses fitted equations to the component values from the 
experimental result that relates the component values to a glucose concentration. This unique 
equation for the diabetic patient can be used to estimate the glucose level when measuring the 
input impedance of the antenna at a later date. The experiment was repeated on the diabetic 
subject and the unique calibration procedure was used to estimate the blood glucose 
concentration. The estimates represented by the Clarke's Error Grid compared favorably to the 
measurements made by the blood glucose meter. 
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1. Introduction and Background 
1.1 Blood Glucose Concentration and Diabetes 
Diabetes, more formally known as Diabetes Mellitus, is a common disease that occurs 
when a person has uncontrollable blood sugar. There are two types of diabetes that are most 
commonly recognized: Type 1, is a result from autoimmune destruction of insulin-producing 
beta cells of the pancreas, and Type 2 [2], which is a result from insulin resistance and relative 
insulin deficiency [3]. 
Blood glucose concentration is the amount of glucose (sugar) in blood. It is most 
commonly measured in mg/dL. Patients with Diabetes can have dangerous blood sugar levels 
due to the body's inability to control insulin production, which can cause serious long-term 
health problems. Dangerous blood sugar levels can be classified as hypoglycemic (blood 
glucose concentration less than <72 mg/dL) or hyperglycemic (blood glucose concentration 
>200mg/dL) [2]. To control blood sugar levels, a patient needs to monitor their blood glucose 
concentration on a daily basis. 
1.2 Monitoring Blood Glucose Concentration 
Currently, monitoring blood glucose concentration is most frequently measured through 
invasive techniques. The most common of the techniques is a blood glucose meter. The 
measurement utilizes a lancing device on the side of a finger to produce a drop of blood [4]. The 
drop of blood is placed on a test strip and the blood glucose meter calculates the blood glucose 
concentration and displays the results to the user. Unfortunately, this method can be painful and 
painstaking to the user as the process needs to be repeated several times a day to ensure proper 
glucose concentration levels. The blood glucose meter has an error of up to ± 10% [ 4]. Opposed 
1 
to invasive devices, non-invasive blood glucose monitors offer a solution to measure proper 
blood glucose levels without puncturing the skin. 
Non-invasive blood glucose monitoring has been tried with variety of different 
techniques. The following have been non-invasive, non-RF techniques have been tried: 
1.2.1 Interstitial Fluid Chemical Analysis 
Interstitial Fluid Chemical Analysis relies on an enzymatic reaction using the fluids 
excreted from the skin. A commercialized product was developed using interstitial fluid 
chemical analysis in the form of a watch. It was similar to traditional monitoring methods 
because it required the user to switch out disposable pads with each measurement [5]. 
1.2.2 Breath Chemical Analysis 
Breath Chemical Analysis measures the level of acetone from a breath. Higher levels of 
acetone have been correlated to higher levels of blood glucose concentration. This method is 
however not as accurate as traditional blood glucose meters [6]. 
1.2.3 Fluorescence 
Fluorescence radiating from the skin can track the level of blood glucose. The skin tissue 
is excited using an ultraviolet laser and fluorescence is emitted at 380nm. The intensity of the 
fluorescence can be correlated with a glucose level [7]. 
1.2.4 Ocular Spectroscopy 
Ocular spectroscopy uses contact lens to determine blood glucose concentration. The 
contact lens interacts with the tears from an eye. When the contact lens is illuminated by a light 
source, the color of the reflected light can be correlated with a blood glucose concentration [8]. 
2 
Many of these techniques show promising returns, but either due to cost or availability, 
have not been widely utilized in the Diabetic community. Currently, there is no widely accepted 
method for measuring glucose that does not involve an invasive technique that causes discomfort 
for the user. 
Several non-mvas1ve RF techniques for monitoring blood glucose concentration have 
been developed, but more research needs to be completed. Additionally, calibration for RF non-
invasive blood glucose sensors needs continued improvement to be a viable option. 
1.2.5 RF Transmission 
RF Transmission uses two antennas to monitor blood glucose concentration non-invasively. Two 
matched antennas transmit and receive in a two port measurement [9]. The transmission occurs between 
5.3-5 .SGHz [5]. The antennas are mounted in an anti-parallel orientation at the forearm to maximize the 
amount of capillaries while minimizing distance to reduce attenuation. 
4 mm 
++ 
--I I I 
10mm e 
Skin 
Fat 
Blood 
Substrate 
Figure 1: Cross section of the underlying simulation model [5 J 
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The test was performed on a water-glucose solution to mimic testing on a human. The slope of 
392 .5 kHz/mg/di was found to exist between the maximum peaks of transmission [9] . There has been no 
human testing performed and no calibration completed for human testing. 
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Figure 2: Position of the local maximum around 5.5 GHz in the transmission [5] 
1.2.2 Resonant-Based Microwave Biosensor 
A capacitive RF-based resonant biosensor has been applied to physiological solutions for 
identification [10]. The sensor can detect glucose content in an aqueous solution. However, the 
sensor is invasive and must be implanted into an individual. Data is received from the sensor 
through wireless network. Glucose is able to be sensed by the sensor because glucose is rich in 
ionic content [1 O]. This method has not been testing on humans and no calibration tools have 
been developed. 
1.3 Methodology for Present Work 
Blood Glucose and any object in the near environment of an antenna will interact with 
the antenna. This interaction occurs because all objects and materials have a property known as 
4 
complex relative permittivity. The complex permittivity in the dielectrics surrounding the 
antenna causes the characteristics of the antenna to change. Complex permittivity is defined by 
the following equation [ 11] : 
I • r, 
E = E - Jc (1) 
Like all materials, blood is a dielectric and is subject to the complex permittivity 
equation. Changing the permittivity of blood will affect the response from the antenna. 
Gabriel and Gabriel have amalgamated research on blood properties and have discussed 
how the pennittivity and conductivity changes in frequency [12]. In the region that was tested, 
the permittivity in that region remains relatively flat across the frequency band. This is 
important because we are isolating the changes in permittivity in blood due to glucose changes. 
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Figure 3: Permittivity and Conductivity vs. Frequency [12} 
, oe.1, 
Certain regions of dielectrics are subject to Debye and more refined Cole-Cole models. 
The Debye is often used for dispersions because it can contain multiple terms to describe the 
differing sections of the model [12]. 
E(w) = +In- l:J.c:m +~ (2) 
Coo m- 1 1+ jWTm jWEo 
Slightly modifying the equation and adding a broadening term, a, a Cole-Cole model is 
created. For the tested frequency range, it has been determined that the Cole-Cole model best 
describes the behavior of the complex permittivity of blood [13]. This model was shown to be 
effective in previous work [1]. As the permittivity changes in blood, the antenna is directly 
affected and the frequency response changes. 
6 
E(w) (3) 
Table I : Parameters for Cole-Cole Model for Blood Dispersion [13} 
Blood Model 
Eco 4 
'1E1 56 
'1Ez 5200 
'1E3 0 
.1E4 0 
T1 8.38E-12 
Tz 1.33E-07 
T3 -
T4 -
a1 0.1 
az 0.1 
a3 -
a4 -
a 0.7 
Previous work done on the subject has also led to a Cole-Cole model for dielectric 
permittivity with a glucose factor [1]. RIT researchers took in vitro blood samples at a hospital 
in Buffalo, NY to determine a link between a change in dielectric permittivity and glucose levels. 
The work concluded that by curve-fitting, a glucose factor could be added to the Cole-Cole 
model to show a relation between the permittivity of a blood sample and the glucose 
concentration. The terms in the equations describe the slope and change of the model. They 
were determined by experimentally by Gabriel and Gabriel [12] and the glucose factor was 
added by RIT researchers[l]. 
The following equation has been previously developed by the RIT researchers [1]: 
7 
c(w) Re [c00 + L~=l ( . .1.s~i-a ] * [(-0.0014S)g + 1.146] 1+ JWTm m 
+ Im [c + L4 - LlEm + _:!J_] 
oo m-11+(jwrm)1-am jwco (4) 
Where g is blood glucose fom1 70 to 150 mg/dL and the model is defined by the following table: 
Table 2: Parameters for Cole-Cole Dispersion Model with Glucose Factor [1} 
Modified Blood Model 
Eoo 2.8 
LiE1 56.5 
flEz 5500 
LiE3 0 
flE4 0 
T1 8.38E-12 
Tz 1.33E-07 
T3 -
T4 -
a1 0.057 
az 0.1 
a3 -
a4 -
u 0.5 
An inverse relationship between dielectric permittivity and blood glucose has been 
determined [14] . The investigation was completed used an aqueous glucose solution and 
measured a changing glucose level and changing permittivity level over time. 
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Figure 4: Changes in Dielectric vs. Changes in Blood Glucose Concentration [J 4] 
1.4 Measuring Techniques 
The reflection coefficient, also known as the S 11 frequency response, is a characteristic 
of an antenna in a given environment. In the experiments, the S 11 frequency response converted 
to input impedance is the primary tool used to correlate blood glucose concentration. The S 11 
parameter can be defined as the following [11]: 
(5) 
V/is the amplitude of the voltage wave incident on port 1 
v1-is the amplitude of the voltage wave reflected from port 1 
The input impedance can be determined by the reflection coefficient [11]: 
9 
Z == Zo * i+r in 1-I' 
Zin is the input impedance of the antenna 
(6) 
The voltage wave incident and volatage wave reflected will change because of the 
environment and blood glucose concentration in the near field of the antenna. These changes 
will cause the input impedance to change. 
A pnmary tool for tracking the blood glucose concentration will be the resonant 
frequency of the antenna. The resonant frequency is defined by the frequency when the 
imaginary part of the input impedance is equal to zero. 
1.5 Antenna Frequency Response on Non-Diabetic Subject 
Previous work completed on a non-diabetic patient showed promising results that a shift 
in resonant frequency of the antenna could be correlated with a shift in blood glucose levels [1 ]. 
Figure 5 displays how the resonant frequency of the antenna changes in time with respect to a 
shift in blood glucose levels. 
As shown in the Figure 2, the resonant frequency of the antenna can be correlated with 
blood glucose concentration. The change in blood glucose concentration is narrow because the 
patient is non-diabetic and does not experience the range of blood glucose levels that a diabetic 
patient experiences. 
10 
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Figure 5: Measured Resonant Frequency of Antenna vs. Blood Glucose Levels [1] 
A non-diabetic patient has control over insulin levels, which manage and react to blood 
glucose levels. A non-diabetic patient has a normal blood glucose level between 90-120mg/dL. 
After eating, a non-diabetic blood glucose levels can increase to around 180mg/dL and fall 
rapidly back to normal levels. This leads to a muted blood glucose concentration when 
compared to a diabetic patient. A diabetic patient will have normal levels of glucose between 
90-120mg/dL when controlled by medication [3]. After eating, a diabetic can see glucose levels 
rise to over 300mg/dL and will need medication assistance to lower the glucose levels back to 
the normal range [3] . Because the glucose ranges differ between a diabetic and non-diabetic 
subject, testing on a diabetic subject will show if monitoring blood glucose concentration with an 
antenna can be an acceptable technique. 
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1.6 Major Contributions of Present Work 
From this work, we define the major contributions as the following: 
1) Measurements were made on a diabetic and non-diabetic patient with a blood glucose 
meter and with an antenna connected to a network analyzer. The network analyzer has 
been automated with Labview to make real-time measurements. The code determines the 
resonant frequency of the antenna and plots the results. The code also saves the entire 
input impedance data set for further analysis later. A polynomial estimation of the 
glucose level has been completed that is based on the resonant frequency and plotted on a 
Clarke's error grid. 
2) An analytical model is created in order to better estimate glucose concentration. The 
model uses an equivalent circuit model that reflects the change in input impedance as 
blood glucose levels change. The circuit model was found to have a shunt resistance, 
series capacitance, and shunt inductance. The component values are varied iteratively 
until the impedance of the equivalent circuit model reflects the input impedance of the 
experiment on the diabetic patient. The input impedance is changing during the 
experiment, so the component values also change during the experiment. 
3) A calibration method based on the equivalent circuit model was developed that is unique 
for the diabetic patient. The calibration model uses fitted equations from the component 
values generated by the experimental results of the diabetic patient. The component 
values have been related to glucose levels and fitted equations were derived. The fitted 
equations were inserted into the analytical model so glucose can be estimated. The 
experiment is repeated on the diabetic patient and the input impedance from the antenna 
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is used to estimate the glucose level. The estimates compare favorably to the reference 
measurements taken by a blood glucose meter. 
1.7 Organization of Present Work 
Chapter 1 is an introduction to blood glucose concentration and how an antenna can be 
utilized to monitor blood glucose levels. A background on non-invasive blood glucose 
measurement methods and previous work completed using electromagnetics to monitor blood 
glucose levels. 
Chapter 2 discusses the measurement of blood glucose levels and antenna impedance 
response on a diabetic and non-diabetic subject. The network analyzer is automated through 
Labview code and the code reads and analyzes data received from a network. The code 
calculates the resonant frequency of the antenna and then plots the resonant frequency over time. 
The software and antennas are validated in a sugar water experiment. Experiments are run on a 
diabetic subject and a non-diabetic subject that simultaneously measure the input impedance of 
the antenna and blood glucose concentration. The resonant frequency of the . antenna and the 
blood glucose levels are plotted and correlated. The glucose is estimated and compared using a 
Clarke's Error Grid Analysis. 
Chapter 3 develops a matching circuit model for the shift in the antenna resonant 
frequency . The varying resistor, inductor, and capacitor in the circuit model are plotted. The 
model is discovered after noticing shifts in the resonant frequency and input impedance of the 
antenna as the blood glucose concentration changes. 
Chapter 4 generates calibration curves for the components of the circuit model. An 
equation for the matching circuit model is created that estimates the blood glucose level based on 
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the original antenna impedance, the current antenna impedance, and the calibration curves. The 
experiment on the diabetic patient is repeated and the calibration curves are used to estimate the 
blood glucose concentration. 
2. Measuring Blood Glucose Concentration and Antenna Input Impedance 
on Diabetic and Non-Diabetic Subjects 
2.1 Development of Antennas 
Three antennas were developed for testing and to determine which type of antenna would 
provide the best sensor to monitor changing blood glucose concentration levels. A spiral and 
serpentine antenna were originally developed to minimize space of the antenna, and later a 
dipole antenna was created after the previous two antennas did not perform as expected. All 
three antennas were created on a printed circuit board. The spiral antenna design is similar to a 
spiral antenna from Yahya Rahrnat-Samii [15] and the serpentine antenna is similar from W. T. 
Huang and H. - D.J. Jeong [16] . Both antennas were originally designed on a different board 
material and then redesigned. They were redesigned for a new board material and thickness as 
well as a new resonant frequency. The new antennas were designed using HFSS software with a 
resonant frequency of 2.45 MHz, the center of the medical band. Because they did not track 
glucose as well as expected, a planar dipole was designed at a lower frequency (1.4GHz), a 
similar frequency to designs in previous work [1]. The planar dipole antenna showed the best 
interaction and correlation with a changing blood glucose level. Appendix A contains more 
information on the antenna designs. 
2.2 Automation of Network Analyzer 
The network analyzer was automated to make input impedance measurements using 
Labview code. The purpose of the Labview program 1s data collection from the network 
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analyzer and to process the data in real-time so the user understands the current response and 
trends. Previous work completed by Freer and Venkataraman showed that the resonant 
frequency of the antenna correlated well with the blood glucose concentration. Because of this, 
the Labview code was originally designed to report back the resonant frequency of the antenna. 
After several experiments, it was realized that code needed the entire input impedance across 
frequency from the network analyzer, so the user would be able to complete further analysis. 
The original Labview code would depend on the user to calibrate the network analyzer 
and set the network analyzer to measure the VSWR or Sl 1 Log Magnitude of the antenna. The 
Labview code searches for the lowest amplitude value and saves the frequency value that 
corresponded with the amplitude value. The user is able to set the number of seconds between 
measurements depending on the necessary granularity of the data required. The frequency and 
time value is inserted into a two dimensional array and plotted to the screen to give the user a 
real time graph to better understand the current trends in the data and discover errors in the data 
early in test. Additionally, the time and frequency value were inserted into a data file created by 
the user for further processing. Using this method of data collection, the resonant frequency of 
the antenna would be recorded and plotted over time. 
After several tests, it was discovered that the input impedance of the antenna was needed 
to fully understand the changes that were happening. Based on early measurements, the data 
suggested that the full input impedance of the antenna across frequency band was needed to 
better understand the changes in the blood glucose concentration and the effect on the input 
impedance. For this, the Labview code would need to be modified so that it could input the input 
impedance (real and imaginary values) as well as provide the same real time analysis for early 
error discovery and trends in the data. 
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The second version of the Lab View code allowed for both the real and imaginary values 
of the input impedance to be saved for further analysis and for processing the data in real-time. 
This provided a bigger challenge due to the immensity of the data that would be recorded over 
time. The network analyzer would be calibrated for 1601 data points. The high number of data 
points over the frequency range was necessary to have better granularity in the data. The shift in 
the antenna response is small, so the partitions needed to be small in order to better characterize 
the shift. With the 1601 frequency data points, each point had a real and imaginary value that 
needed to be recorded. This leads to 4803 pieces of data being recorded at each time interval. 
With time intervals of every 15 seconds, the amount of information created very large data files 
and extensive arrays. In order to handle the data so that a user had real-time feedback, two files 
and two arrays were created. The first file saved all data points so that the data would be 
available for further processing using Matlab. This file has a header for each set of data 
corresponding to the time that the data was measured. The second file created listed the time of 
measurement and the resonant frequency of the antenna at that time. At each measurement 
point, resonant frequency was computed by identifying the frequency when the imaginary part of 
the response is at 0. 
When the imaginary part of the input impedance was found to be zero, the code sets that 
frequency to be the resonant frequency. It is required that the user determine the appropriate 
frequency range for the network analyzer so the resonant frequency of the antenna is captured in 
the data. Once the resonant frequency of the antenna is determined, the frequency and time 
value are inserted into an array, plotted, and saved to another data file created by the user. By 
plotting the resonant frequency over time in real-time, the user can discover errors early in the 
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data gathering process. The user also has access to the full dataset for further analysis after the 
experiment is complete. 
2.3 Measurements on a Glucose Simulating Sugar Water 
Early testing and analysis focused on looking for a shift in resonant frequency of the 
antenna. Modeling the shift of blood glucose concentration in the human body model in HFSS 
showed that the resonant frequency of the antenna would shift. Studies completed by 
Venkataraman, Beam, and Freer correlated a change in pennittivity blood with a change in blood 
glucose concentration levels [17]. Modeling these permittivity changes with the antenna, a 
change in resonant frequency of the antenna catalyzed by a change in blood glucose 
concentration can be simulated. The simulation in Figure 6 shows how the resonant frequency of 
the dipole antenna shifts with an increasing glucose concentration in an aqueous solution. As the 
glucose concentration is increasing, the resonant frequency of the antenna is also increasing. 
Figure 7 shows the input impedance results of the simulation. As the glucose concentration is 
increased in the aqueous solution, the real and imaginary parts of the input impedance response 
shift higher in frequency. The frequency of the real part maximum does not line up with the 
frequency of the imaginary part when it is equal to zero. They real and imaginary part should 
line up according to ideal theory. The resonant frequency is defined by the frequency where the 
imaginary part of the impedance is equal to zero. As glucose concentration is increasing in 
Figure 7, the resonant frequency is increasing (Figure 8). The magnitude of the return loss 
response is shown in Figure 9 and the results change as the glucose level changes in the aqueous 
solution simulation. The magnitude of the return loss does not show a correlation between the 
frequency of minimum return loss and increasing glucose concentration (Figure 9) 
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Figure 6: Antenna Simulated over Aqueous Glucose Solution 
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Figure 7: Simulated Real and Imaginary Input Impedance of Antenna vs. Frequency for Different 
Glucose Levels 
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After modeling was completed using the HFSS software, trials were completed utilizing 
sugar and water. Adding sugar to water simulated a changing blood glucose concentration. The 
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test was constructed by using a rigid coaxial cable to suspend the antenna over a body of water. 
The opposite end of the rigid coaxial cable was connected to a network analyzer. The real-time 
measurement software was used to measure the antenna input impedance over time. When the 
test began, 3mL of highly concentrated sugar water was added to the distilled water underneath 
the suspended antenna and 3mL of the water under test of removed and disposed. The 
replacement of 3mL of water under the antenna with 3mL of highly concentrated sugar water 
occurred every 30 seconds. The 3mL of water aqueous glucose solution was removed in order to 
keep the volume and height of the water the same. This allowed the environmental conditions of 
the antenna to remain the same except for the sugar concentration in the water to increase. 
Figure 8 shows the test setup for the experiment. 
Figure 10: Experimental Setup for Tracking Resonant Frequency of Antenna as Sugar Concentration 
Changes 
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Figure 11: Resonant Frequency of Antenna vs. Time for Increasing Sugar Concentration in 
Aqueous Solution 
The results of the sugar concentration experiment shown in Figure 9 agree well with the 
modeled result in HFSS. As expected, the increase in sugar concentration leads to an increase in 
resonant frequency of the antenna. 
2.4 Measuring Antenna Response on a Diebetic and Non-Diebetic Patient 
A dipole antenna was used as a sensor to monitor glucose levels. The test was completed 
on a Type I diabetes subject and a non-diebetic subject. The purpose of the tests were to identify 
a link between the input impedance of the antenna and blood glucose concentration. 
2.5 Testing Procedure and Block Diagram 
The antenna was placed in an armband that rested on the arm. The antenna did not 
contact the skin as there was a thin cloth barrier between the antenna and arm. An arm band was 
used to keep the antenna from moving during the test. The antenna was fed through a three foot 
coaxial cable and connected to a HP8753 network analyzer. The network analyzer was 
21 
calibrated at the end of the cable in order to remove cable losses and effects. After calibration, 
the network analyzer was set to smith chart in order to capture the real and imaginary input 
impedance data through the labview program for further analysis after the testing was complete. 
HP8753 
Network Analyzer 
Figure 12: Diagram of Experimental Setup 
Figure 13: Experimental Setup for Tests on Diabetic and Non-Diabetic Subject 
The testing was completed with two subjects: one Type I diabetes subject and another non-
diabetic subject. The diabetic subject had not eaten for 5 hours before the test and ate a normal 
meal ten minutes prior to the test beginning. The non-diabetic subject took 16g of fast acting 
22 
I 
I 
I 
glucose tablets one minute prior to the start of the test. The lack of food before the experiment 
allowed the blood glucose concentration to be low at the start of the test. 
A blood glucose meter was used to measure actual blood glucose levels on the opposite arm 
that the antenna was measuring. The opposite arm was used to measure actual blood glucose 
levels to minimize disturbance of the antenna and measurement system. The blood glucose 
levels were measured every ten minutes and not more frequently to reduce discomfort for the 
subject under test. 
The Labview code was set to capture the input impedance data and determine the resonant 
frequency of the antenna. The resonant frequency of the antenna is defined as when the 
imaginary part of the input impedance is zero. The input impedance response of the antenna was 
measured every 15 seconds. 
2.6 Measurement Procedure 
The glucose level from the glucose meter was measured every ten minutes. A finger on the 
opposite hand of the arm with the antenna was poked with the lancelet and a drop of blood was 
placed on the glucose meter. The meter would then display the blood glucose level. The glucose 
readings are considered to be precise and accurate within ± 10% according to the American 
Diabetes Association. 
2. 7 Measurement Results 
The experiment was completed on a diabetic and non-diabetic with the procedures 
described above. Figure 28 and Figure 29 show the blood glucose levels measured by the blood 
glucose meter and the resonant frequency of the antenna for each subject. For the diabetic 
subject, the blood glucose level began at 78mg/dL, and was a maximum of 308mg/dL. The 
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blood glucose level rose for most of the test as the food was digested. Blood glucose levels in a 
diabetic subject can easily rise above 200mg/dL and remain there for several hours after eating 
[2]. For the non-diabetic subject, the blood glucose level began at 108mg/dL and was a 
· maximum of 208 after 40minutes. The blood glucose level began to fall after 40 minutes. This 
blood glucose range and time for blood glucose levels to rise and fall can be considered normal 
for someone who is non-diabetic [3] . 
It is important to note that there is a significant difference in resonant frequencies of the 
antenna between the diabetic and non-diabetic patient. This is likely due to physiological 
factors, but underscores the point that a unique calibration must be made for each patient A 
calibration method will be developed for the diabetic patient, that will be unique for the diabetic 
patient. 
The Labview code measured the real and imaginary input impedance of the antenna and 
computed the resonant frequency of the antenna. The resonant frequency was determined from a 
previous study as a possible indicator for glucose levels [l] . 
When plotting the resonant frequency of the antenna and the blood glucose concentration 
together, a correlation can be identified between the two measurements. The slope of the 
resonant frequency agrees well with the slope of the glucose level in Figure 12 as both slopes are 
increasing over time. In Figure 13, the results for the non-diabetic display a similar parabolic 
shape. Both results agree with previous work completed that the change in resonant frequency is 
proportional to the change in glucose level [ 1]. 
In this paper, the 30 minute mark in the experiment for the diabetic patient will be 
tracked to understand how the change in glucose concentration affects the resonant frequency 
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and input impedance. At 30 minutes into the experiment for the diabetic patient, the resonant 
frequency of the antenna was 1385.8MHz and the glucose as measured by the glucose meter was 
188 mg/dL. 
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The resonant frequency is investigated to see if it can be utilized as an indicator of blood 
glucose levels. The blood glucose is estimated through a first order polynomial equation based 
on the change in resonant frequency and change reference glucose measurements made by the 
blood glucose meter. The estimated blood glucose levels are determined by taking the times of 
the lowest and highest blood glucose levels and identifying the change in resonant frequency 
over the change in blood glucose level. The calculated slope determines the amount of change in 
blood glucose level one would expect given a change in resonant frequency. 
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b = Initial glucose concentration (10) 
For the diabetic subject, a I MHz increase in measured resonant frequency, the blood 
glucose concentration can be estimated to increase 14.62mg/dL. For the non-diabetic subject, a 
I MHz increase in resonant frequency resulted in an estimated blood glucose concentration 
increase of 8.41mg/dL. A number of factors can be attributed to the rate of change difference 
between the diabetic and non-diabetic. Physiology is an important factor, as the antenna would 
respond differently for different levels of fat, water, and bone in the arm. 
For the diabetic subject at the 30 minute mark in experiment, the glucose was estimated 
to be 148 mg/dL. The actual glucose level measured by a blood glucose meter was 188 mg/dL, 
which is significantly different. 
Table 3: Calculation of Estimated Glucose Level at 30 Minutes 
Initial Glucose Level (b) (mg/dL) 78 
Slope (m) (mg/dL)/(MHz) 14.62 
Resonant Frequency (t=O) (MHz) 1381 
Resonant Frequency (t=30min) (MHz) 1385.8 
Change in Resonant Frequency (x) (MHz) 4.8 
Glucose Estimation (mg/dL) (m*x+b) 148 
Blood Glucose Meter (t=30min) (mg/dL) 188 
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Figure 16: Actual and Estimated Glucose Levels for Diabetic Subject over Time of 
Experiment 
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Figure 17: Actual and Estimated Glucose Levels for Non-Diabetic Subject over Time of 
Experiment 
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Using this first-order polynomial equation method, the glucose can be estimated across 
the entire time frame of the experiment. This analysis was completed for the diabetic and non-
diabetic experiments. As shown in Figure 16 on the diabetic subject, the glucose estimates using 
a simple first-order polynomial equation had some errors and did not exactly follow the reference 
values provided by the blood glucose meter. These errors will appear in a Clarke's Error Grid 
Analysis. 
The glucose estimates based on the resonant frequency response were evaluated against 
the reference concentration in a Clarke' s Error Grid Analysis. A Clarke's Error Grid Analysis is 
a common tool used to quantify clinical accuracy of a glucose estimates compared to reference 
concentrations and is considered the gold standard for determining accuracy. There are several 
regions on a Clarke' s error that define how accurate the measurement is. Region A are values 
that are within 20% of the reference sensor. Region B contains points that are outside of 20% 
but would not lead to inappropriate treatment Region C are those points leading to unnecessary 
treatment. Region D are those points indicating a potentially dangerous failure to detect 
hypoglycemia or hyperglycemia. Region E are those points that would confuse treatment of 
hypoglycemia for hyperglycemia and vice-versa [17]. A Clarke's Error Grid was used and the 
glucose concentration estimates were evaluated at the same times as the reference glucose 
concentrations were measured by a blood glucose meter. 
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Figure 19: Clarke's Error Grid Analysis for Resonant Frequency Glucose Concentration 
Estimates for Non-Diabetic Subject 
The Clarke's Error Grid Analysis confirms that the blood glucose concentration estimates 
based on the resonant frequency does correlate with reference blood glucose concentrations and 
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fall in region A or B (Figure 18 and Figure 19). Slightly over half of the points for the estimates 
fall within the acceptable A range for the diabetic patient experiment, but the rest fall in the 
region B, which would not lead to inappropriate treatment, but does not accurately display 
glucose concentration. A better analytical model needed to be developed in order to estimate the 
glucose more accurately that all measurements fall into the A range on a Clarke's Error Grid. 
3. Developing an Equivalent Circuit Model 
An analytical model needed to be developed that would relate the changing blood glucose 
concentration to the changing input impedance and that would ultimately provide better glucose 
estimates. After examining the input impedance changing over time for the diabetic experiment, 
an equivalent circuit model was created. The shift in input impedance can be seen at a maximum 
difference on a smith chart for the diabetic subject when plotting the response at the beginning of 
the test and near the end of the test (Figure 20). 
Figure 20: Shift in Input Impedance on Smith Chart for Diabetic Subject. 
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The real and imaginary input impedances were recorded during the experiments to better 
understand the trends in the data to develop a model. The input impedance is plotted across the 
frequency range 1.38GHz to 1.4GHz. 
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Figure 22: Imaginary Input Impedance of Antenna vs. Frequency for Diabetic Subject at 
Different Times during Experiment 
Figure 21 and Figure 22 shows the real and imaginary input impedances, respectively, for 
the diabetic subject. As shown in the plots, the real and imaginary parts of the input impedance 
shift to a higher frequency as time and glucose increase. Specifically, the resonant frequency of 
the antenna shifts higher as seen in the imaginary part of the impedance (Figure 22). 
3.1 The Circuit Model 
To capture the change input impedance, a matching circuit model was proposed as a 
possible solution. The matching circuit model represents the varying change in the input 
impedance of the antenna from the start of the measurement to the input impedance of the 
antenna at the current time. The impedance, Za, is the input impedance of the antenna at the 
beginning of the experiment. The impedance, Zin, is the input impedance measurement at a 
given time. The circuit consists of a shunt reactance, series reactance, and shunt impedance. 
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Figure 23: Proposed Equivalent Circuit Representing Changing Antenna Input Impedance 
For each point in time, input impedance was measured during the experiment on the 
diabetic patient. Using those input impedance values, and knowing the antenna impedance at the 
beginning of the test, a set of component values were generated. The component values were 
determined by iteratively changing the component values until the impedance in the equivalent 
circuit matched the input impedance. The input impedance varied throughout the experiment, so 
the component values changed throughout the experiment. A shunt resistor, series capacitor, and 
shunt inductor were determined to work best. The following values were determined to match 
the input impedance at 30 minutes: 
Table 4: Input Impedance and Component Values at 30 Minutes 
Za = Zin (t=0) 51.68+jl.72Q 
Zin (t=30min) 50.72+j l.05Q 
Shunt Resistor 2419Q 
Series 94pF 
Capacitor 
Shunt Inductor .37µH 
The component value generation was completed for each time measurement during the 
diabetic patient experiment. 
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Figure 24: Shunt Resistance Values for Matching Circuit vs. Time for Diabetic Subject 
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Figure 25: Series Capacitance Values for Matching Circuit vs. Time for Diabetic Subject 
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Figure 26: Shunt Inductance Values for Matching Circuit vs. Time for Diabetic Subject 
The values represent the equivalent matching circuit as the input impedance shifts over time 
due to the blood glucose levels changing. The resistance values show an inverse relationship 
between the blood glucose levels and resistance as shown in Figure 24. The capacitance and 
inductance values show a similar inverse relationship between blood glucose levels and values as 
shown in Figure 25 and Figure 26. Overall, the equivalent matching circuit model works well to 
show how the input impedance shifts over time on a smith chart. 
4. Estimating Blood Glucose using Calibration Procedure and Validating 
Equivalent Circuit Model 
The equivalent circuit can estimate blood glucose concentration by creating a umque 
calibration procedure for the diabetic patient. The equivalent circuit values that were calculated 
from the experimental results of the diabetic subject will be used for calibration. The component 
values were previously plotted against time in chapter 3. To give a clear relationship between 
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glucose concentration and the component values, the component values are plotted against the 
change in glucose concentration (~g). At 30 minutes into the experiment for the diabetic subject, 
the glucose level was 188mg/dL, which is a 1 lOmg/dL change in glucose level from the 
beginning of the experiment. 
Table 5: Component Values at 30min and L1g at 11 Omg/dL 
Glucose level (t=Omin) 188 
(mg/dL) 
Glucose level (t=30min) 78 
(mg/dL) 
Change m glucose level 110 
(mg/dL) 
Shunt Resistor 24190 
Series Capacitor 94pF 
Shunt Inductor .37µH 
This methodology was applied to all component values and change in glucose levels. 
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Figure 2 7: Equivalent Circuit Values for Diabetic Subject vs. Blood Glucose Concentration 
The equivalent circuit values can be estimated using the following curve-fitted equations: 
(11) 
C = A2 * fj,g-1. 8 , A2 = 264377 (12) 
(13) 
Where fj,g is the change in blood glucose concentration from the beginning of the 
measurement to the current time 
The circuit model that was created in the previous chapter is solved to develop a relationship 
between the antenna impedance and a glucose concentration. This relationship is used to 
estimate the glucose level. The fitted equations are inserted into the circuit model. With the 
equations in the circuit model, the model has three variables, Zin, Za, and fj,g . Zin and Za are 
measured during the experiment. 
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Solving the circuit equation leads to the following relationship: 
Z - ZaR 
1 - Za+R 
1 
Z2 = Z1 +-. -] WC 
Z = ZaR +-1-
z Za+R j wC 
(14) 
(15) 
(16) 
(17) 
----- --------- --- ---- -~ 
R 
I 
I 
I 
za: 
I 
I 
I 
I 
I 
I 
--- -- - - ------ -- - -- ------ ' 
-- ------ ---------------------------~ 
j R l a 
cvC 
Zin = Z2/ /jwL (18) '----------- ---------- ---- -----------
,------------------ ------------------- -------------
( (:aa:R + j~c)JwL) 
z. =-'--=------'--
m ZaR + 1 +. L 
Za+R jwC } W 
I 
(19) j R Za 
£1JC 
Z . (wL(j(Za+R)-ZawRC)) in= (20) --- ------------------- -- --- ---------------------- -j wZaRL+Za+R+w 2 CL(Za+R) 
(21) 
Zin= f(!',,.g)//Za (22) 
Solving iteratively, the level of blood glucose concentration can be determined. 
As stated previously, Za is the input impedance measured at the start of the experiment 
and Zin is the input impedance measured throughout the experiment. Solving for the t,,.g 
iteratively after inserting Zin and Za into the equation will give provide a glucose estimate for the 
diabetic subject based on the current antenna input impedance. 
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A second experiment was completed on the diabetic subject. The initial impedance 
values were different from for the first experiment, but the calibration procedure determined 
experimentally in the first experiment was utilized. The calibration procedure can be used 
because the same diabetic subject is used for both experiments and the procedure is unique to 
that subject. 
During the first experiment, the reference blood glucose meter measurements were made 
on the right hand and the antenna measurements were made on the left hand. The measurements 
were made on the opposite hand to minimize movement of the antenna and the cable connecting 
to the network analyzer. There is a possibility of a slight bias of blood sugar concentration from 
one s1de of the body to the other side of the body. For the estimates in the second experiment, 
the reference values were also measured on the right hand and the antenna measurements on the 
left hand so the comparison of the estimates created for calibration method developed in the first 
experiment would be accurate for comparison during the second experiment. 
During the second experiment, the antenna impedance, Za, was measured at the beginning 
of the second experiment and the input impedances, Zin, were measured throughout the 
experiment. The values of Za and Zin were inputted into the equivalent circuit equation and the 
change in glucose was estimated. During the second experiment, the input impedance at the 
beginning of the test (Za) was 41.71-j6.06Q and the glucose level measured by a glucose meter 
was 88 mg/dL. The input impedance at 30min during the experiment (Zin) was 41.31-j7.70Q. 
Inserting Zin and Za into the previously solved relationship and solving iteratively for the change 
in glucose concentration (~g) resulted in change in glucose concentration of 134 mg/dL. Adding 
the solved ~g to the glucose concentration at the beginning of the experiment (88 mg/dL) gives 
an estimate of 224 mg/dL. The glucose measurement provided by a glucose meter at 30min into 
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the experiment was 223mg/dL. This procedure was done for six points during the second 
experiment. 
Table 6: Blood Glucose Estimates for Diabetic Subject during Experiment Two from 
Equivalent Circuit Model and Calibration Curves 
Time Zin Ag Glucose Actual 
(min) (measured) (solved) Estimate Glucose 
@ (mg/dL) (mg/dL) (mg/dL) 
1390MHz 
(!l) 
0 - 88 88 
11 4 l.3 l -j6.40 68 156 175 
25 41.29-j7.46 124 212 210 
30 41.3 l -j 7.70 134 222 223 
36 41.36-j8.13 149 237 234 
78 41.37-j 8.25 153 241 228 
88 41.29-j7 .53 127 215 205 
Z a = 41.71-j6.06!l 
The calibration procedure and the equivalent circuit model provided blood glucose level 
estimates that were similar to the actual blood glucose levels measured by a blood glucose meter. 
Analyzing the estimates on a Clarke ' s Error Grid diagram against the reference measurements, 
the estimates fe ll in the acceptable range, A. 
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Figure 28: Clarke's Error Grid Analysis of Matching Circuit Blood Glucose Estimates 
against Reference Values measured by Blood Glucose Meter 
5. Conclusion 
The research completed shows that an antenna can be utilized to track glucose levels in 
diabetic and non-diabetic subject, under stable conditions. When examining the results, the 
resonant frequency of the antenna can track glucose concentration using a linear estimation 
method. This is later confirmed by a Clarke's Error Grid Analysis where 57% of the results fall 
in the acceptable range for the diabetic subject and 100% of the results fall acceptable range for 
the non-diabetic subject. 
43 
- - -----~-~ - --- ~ 
An analytical model was developed to better estimate the glucose concentration. After 
examining the changing input impedance during the diabetic patient experiment, an equivalent 
circuit model was created. The equivalent circuit model reflects the changing input impedance 
as blood glucose concentration increases. The proposed equivalent circuit has a shunt reactance, 
series reactance, and shunt resistance. The component values are generated iteratively varying 
the component values until the impedance of the equivalent circuit model reflects the input 
impedance. During the experiment, the input impedance is changing over time, so the 
component values change over time. 
A calibration method is used to produce an individually umque calibration for the 
diabetic patient. The component values for the equivalent circuit model are related to the 
glucose concentration and fitted equations are generated. These equations are inserted into the 
circuit model and the circuit model produces a glucose estimation based on the measured input 
impedances during the experiment. The experiment was repeated on the diabetic patient and 
glucose estimates were generated from the input impedance during the experiment. A Clarke's 
En-or Grid Analysis confirmed that the glucose estimates from the equivalent circuit model 
compared with reference measurement from a blood glucose meter were 100% in the acceptable, 
A, range. 
During the experiments, it was often noticed that any movement of the cable or antenna 
resulted a drastic shift in resonant frequency and input impedance. This shift would be much 
larger than the change in antenna response from a glucose concentration change. The solution 
presented required a static environment to achieve acceptable measurements and results. A 
dynamic environment would be challenging to find strong correlation between the input 
impedance of the antenna and blood glucose concentration. 
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A benefit to using the calibration method is it allows for accurate estimates without 
continuous monitoring. The estimates rely on a change in input impedance over time. This 
allows the estimates to start and stop as long as an initial reference concentration is measured 
each time. 
5.1 Future Work 
Suggestions for future work: 
1) Further experiments on diabetic patients to provide further data points. The data from 
these experiments could be used to build a better model to predict how input impedance 
of the antenna correlates with blood glucose concentration. These should be clinical 
trials to better isolate the results. 
2) Develop a better understanding of what causes the permittivity of blood to change with a 
changing blood glucose concentration and develop a feedback loop. Naturally, in non-
diabetic patients, the human body has a feedback system that balances glucose levels with 
insulin. Adding a feedback loop and better understanding the changes in glucose levels 
could build a better circuit model. 
3) Find a method to mount and attach the antenna for easier measurements. Any change in 
the environment in the near field of the antenna causes a significant change to the 
resonant frequency. This significantly alters results and must be accounted for in data 
analysis. A better antenna attachment process would reduce errors in measurements. 
4) Identify a method to eliminate initial reading of glucose levels. The estimation values 
presented rely on an initial reading of a glucose meter. The method estimates the change 
in glucose from the input impedance. The initial reading is required to estimate the actual 
glucose level. 
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5) Use estimation methods to improve blood glucose estimation. There is variability in the 
measurements that could be reduced using estimation methods. For example, passing the 
measurements and estimates through a low pass filter would help improve estimates and 
accuracy of results. 
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Appendix A: Development of Antennas 
Three antennas were developed for testing and to determine which type of antenna would 
provide the best sensor to monitor changing blood glucose concentration levels. A spiral and 
serpentine antenna were originally developed to minimize space of the antenna, and later a 
dipole antenna was created after the previous two antennas did not perform as expected. All 
three antennas were created on a printed circuit board. The spiral antenna design is similar to a 
spiral antenna from Yahya Ralunat-Samii [8] and the serpentine antenna is similar from W. T. 
Huang and H. - D.J. Jeong [9]. Both antennas were originally designed on a different board 
material and then redesigned. They were redesigned for a new board material and thickness as 
well as a new resonant frequency. The new antennas were designed using HFSS software with a 
resonant frequency of 2.45 MHz, the center of the medical band. 
Design of the Spiral Antenna 
The spiral antenna was redesigned for a resonant frequency of 2.45GHz and with a 
microstrip line feed. The original design in Figure 3 did not have the correct type of feed and 
used an unavailable board material and thickness for fabrication. The Spiral Antenna Model 
from the paper was re-simulated and the results agreed well with the paper to ensure that the 
spiral antenna could be modeled properly in HFSS. 
Figure 29: Original Spiral Antenna Design [8] 
The spiral antenna required optimization against a human body model, resonant frequency of 
2.45 GHz, and a 1/16in FR4 board. In Ansoft's HFSS 14, a human body modeled is provided to 
measure antennas and other resonators to better understand their characteristics. The human 
body model is supposed to provide an accurate modeling tool that can simulate how an antenna 
will respond when next to the human body. The spiral antenna was optimized next to the human 
body model, as the antenna will rest on or near the arm of a person. Figure 4 shows the spiral 
antenna modeled against a human arm model. 
so 
1 
Figure 30: Simulated Spiral Antenna Design against the Human Arm Model 
The top of the microstrip copper line was simulated flush with the human body model, as 
the expectation was that the antenna would be close to actual human body during the 
experiments. The optimization of the antenna resulted in the following spiral antenna shown in 
Figure 5, with dimensions listed in Table 1. 
Figure 31 : Spiral Antenna Optimized Design 
WFeed 0.869773 LFeed 10.13251 
WTop 1.802363 LTop 11.34138 
WLeft 1.43762 L Left 8.756767 
WBot 2.240852 LBot 0.290637 
WMid 2.992141 LMid 2.447816 
w L 
Right 0.60783 Right 6.368348 
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Table 7: Spiral Antenna Optimized Dimensions 
The antenna was simulated in HFSS against the human body model and in free space. 
The results are shown in Figure 6 and Figure 7, respectively. The resonant frequency of the 
antenna is at 2.45GHz as designed against the arm of the human body model, but has a higher 
resonant frequency in free space. 
XYPlot 1 
Figure 32: Simulated SJ J Response of Spiral Antenna on Arm of Human Body Model 
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Figure 33: Simulated SJ J Response of Spiral Antenna in Free Space 
The pattern for the spiral antenna was also simulated and displayed Figure 8. 
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Figure 34: Simulated 3-D Pattern for Spiral Antenna (Free Space) 
The spiral antenna was then fabricated and measured in the anechoic chamber for the S 11 
response characteristics (Figure 9, 10) and the S21 pattern (Figure 11 , 12). 
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Figure 35: Return Loss for Spiral Antenna I mm Away from Body 
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Figure 36: Sl 1 Spiral Antenna in Free Space 
S21 EPlane for Spiral Antenna Free Space at 3.36 GHz 
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Figure 37: E-Plane S21 Pattern for Spiral Antenna 
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S21 HP lane for Spiral Antenna Free Space at 3.36 GHz 
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Figure 38: H-Plane Pattern for Spiral Antenna 
Unfortunately, when the prototype was built and was measured against a human body, 
it no longer showed the same resonant frequency as before. When simulated and optimized, 
the antenna was placed flush with the arm on the human body and optimized. It was further 
determined that the antenna needed to be further off the body to accurately model the effects. 
The measurements were instead taken at 1 mm away to compare results (Figure 9) and free 
space (Figure 10). The free space simulation and actual measurement agree in that the 
antenna does not resonate. The Spiral Antenna shows a better H-Plane (Figure 11) then E-
Plane (Figure 12) pattern. In order to match the simulation to actual results, the simulation 
was redone at 1mm away. 
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Figure 39: Spiral Antenna Simulated at Imm from Body 
The antenna was simulated again at 1mm away from the body (Figure 11) and shows a 
more accurate model of the fabricated antenna. The fabricated antenna has a similar resonant 
frequency as the simulated model, though the S 11 magnitudes are different. In agreement with 
previous observations, the human body model in HFSS responds better when the antenna is not 
flush with the arm, and instead slightly removed. Unfortunately, the antenna had already been 
fabricated and has a resonant frequency of 1400 MHz, significantly different than 2450 MHz 
resonant frequency as the antenna was originally designed. For testing purposes, it is likely that 
the antenna will still show a shift in the resonant frequency when used in experimentation 
because it does resonate. 
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Design of the Serpentine Antenna 
The serpentine antenna was designed similar to the spiral antenna. The optimized design 
was completed with the antenna flush against the arm of the human body. As with the spiral 
antenna, this led to an inaccurate antenna simulation, and ultimately a fabricated prototype 
antenna that didn' t match the optimized results. The likely cause of the mismatch between 
simulation and fabrication is the fact that the human body model did not simulate well when the 
antenna was close to the human body. 
The serpentine antenna is governed by a series of equations as described by Haung [9]. 
These design equations help layout the design of the antenna 
(26) 
(37) 
A= C 
f *sqrt(Er) 
N = 1*(1n(¾)-1 )-z*~n( 4*¾)-1) 
wlog(b) 
Where, f is the resonant frequency, c is the speed of light, w is the antenna width, I is the 
antenna length, b is the antenna diameter, a is be the interval space, and N is the number of 
short- terminated lines [9]. 
The antenna was designed m HFSS and simulated (Figure 14). The antenna was 
optimized for 2.45GHz and the results are shown in Figure 15 and Table 2. 
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Figure 40: Serpentine Antenna Modeled on Arm of Human Body Model 
Figure 41 : Optimized Serpentine Antenna against Human Body 
Wl 0.900403 Ll 6 
W2 0.697913 L2 14.47407 
W3 2.749367 L3 0.745598 
W4 0.848521 L4 10.32153 
W5 1.78695 L5 1.642216 
W6 2.025452 L6 11.88748 
W7 1.611087 L7 2.571886 
W8 1.81312 L8 11.75372 
W9 2.493851 L9 3.939116 
WlO 2.084887 LIO 11.75372 
Wll 0.47542 Ll 1 8.498383 
W12 1.511612 L12 1.868908 
Table 8: Serpentine Antenna Optimized Dimensions 
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Figure 42: SJ 1 Response of Serpentine Antenna against the Human Body Model 
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Figure 43: SJ 1 Response of Serpentine Antenna in Free Space 
Similar to the spiral antenna, the S 11 response of the serpentine antenna is significantly 
different when the antenna is flush with the human body model instead of free space. The 
resonant frequency of the antenna with the human body model is at 2.5GHz and the resonant 
frequency in free space is 2.85GHz. The antenna was fabricated and the S 11 frequency response 
and elevation and azimuth patterns were measured in an anechoic chamber. 
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Figure 44: Free Space Pattern of Optimized Serpentine Antenna 
S21 EPlane for Serpentine Antenna Free Space at 3.36 GHz 
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Figure 45: Measured Free Space Pattern in the E-Plane 
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S21 HPlane for Serpentine Antenna Free Space at 3.36 GHz 
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Figure 46: Serpentine Antenna H-Plane Pattern Measurement 
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Figure 47: Sl 1 Response of Serpentine Antenna Measured 1mm Away from Body 
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S11 \/S Frequency for Serpentine Antenna Free Space 
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Figure 48: SJ 1 Response of Serpentine Antenna Measured in Free Space 
The antenna has a strong resonance at 3300MHz in free space and next to the human 
body as displayed in Figure 21 and Figure 22. This is similar to the free space simulation as 
shown Figure 27. 
Similarly to the spiral antenna, the simulation of the serpentine antenna against the arm of 
the human body model resulted in a different S11 response and resonant frequency than the 
fabricated antenna. The antenna was re-simulated at 1mm away to try and match the 
measurement results. When the antenna is on the arm, a high capacitance can cause the antenna 
to respond significantly different than when the antenna is 1mm away from the arm [l]. 
62 
Nam, X Y 
m1 2.5000 ·0 :,522 
-200 
.. oo 
-600 
-1000 
-1200 
-1400 
\ 00 \ 50 200 250 
XYP\ot 1 
300 
Freq{GHZI 
350 400 450 
Figure 49: Serpentine Antenna Re-Simulated further away from Body 
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The serpentine antenna simulated 1 mm away from the body (Figure 23) better matched 
the fabricated results (Figure 22). Even though the resonant frequency is not exactly replicated, 
the margin of error is much smaller than the simulated results the antenna flush against the 
human body (Figure 17) and the antenna prototype measurements (Figure 22). Both the spiral 
antenna and the serpentine antenna after fabrication had differing S 11 frequency responses than 
the simulated S 11 frequency response. However, the antennas did resonate and could be utilized 
in experiments for blood glucose monitoring. 
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Appendix B: Matlab Code 
Blood Glucose Graphs 
function[] = APplotter(times,resFreq,GT,GL) 
figure(l) 
hold on 
[AX,H 1,H2]=plotyy(times/60,resFreq,GT/60,GL) 
set(H l ,'LineStyle','o') 
set(get(AX( I ),'Ylabel'),'String' ,'Resonant Frequency of Antenna(G Hz)') 
set(get(AX(2),'Ylabel'),'String','Glucose (mg/di)') 
xlabel('Time(min)') 
title('Resonant Frequency and Glucose Concentration over Time') 
legend('Resonant Frequency','Glucose Level') 
hold off 
GDelta=(G L( end)-GL( I ))/GT( end); 
ResFreqDelta=(resFreq( end)-resFreq( I ))/times( end)* l QA3; 
GlucPerFre=GDelta/ResFreqDelta 
GlucEst(J )=GL( l ); 
for i= l :length(times)-1 
GlucEst(i+ l)=GlucPerFre*(resFreq(i+ I )-resFreq(l))* 1 QA3+GL(l); 
end 
figure(2) 
plot(times/60,G lucEst,GT/60,GL) 
xlabel('Time(min)') 
title('Glucose Concentration Estimation based on Resonant Frequency') 
legend('Glucose Concentration Estimate','Measured Glucose Concentration') 
ylabel('Glucose Concentration(mg/dl)') 
Glucose Estimator 
function [permittivity] = G lucoseEstimator(times,cap,glucose,glucosetimes,realS,imagS,realL, imagL) 
figure(!) 
plot(times,cap) 
permittivity=(2 .8+56.5./( l +(1 i. * 1390. * 10/\6. *2. *pi. *8.377. * I QA-12).A( l -.057))+ ... 
5500 ./(1 +(l i. * 1390* I QA6. *2. *pi.* 132.629. * I QA-9).A( l -. l))). * ... 
(-.001445 .*glucose+ l. 145882); 
figure(2) 
plot(glucosetimes,gl ucose) 
figure(3) 
plot(glucosetimes,permittivity) 
permittivity = [permittiv ity( !); permittivity]; 
for i= l :length(permittivity)-1 
percentage(i)=(permittivity(i+ I )-permittivity( 1 ))./permittivity( 1 ). * l 00; 
end 
start=realS+imagS* Ii; 
load=realL+imagL *Ii; 
percentage=real(percentage )' 
figure(4) 
p lot(glucosetimes,percentage) 
perRet=(realS-realL) 
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rea!S; 
rea!L; 
Matching Network Solver 
SIMN= l*l0"-9; ¾nH 
SIMX=400* I 0" -9; 
SCMN= lO*l0"-12; ¾pF 
SCMX=200* l 0" -12; 
PRMN=500; 
PRMX= l0000; 
Startlndex=960; %Freq= ! 380 
Stoplndex= l 067; %Freq= ! 400 
fi d=fopen('test2. txt'); 
A =textscan( fi d,'%s'); 
timesbefore=strrnatch('Time',A {I}); 
timeindex=timesbefore+ I; 
timesstring=A {I } (timeindex); 
times=str2double(timesstring); 
Values=A{I }; 
Values([ tirnesbefore,timeindex ])=[]; 
Values=str2double(Values); 
realpart=Values(I :2 :end); 
imagpart=Values(2:2:end); 
complexValues=realpart+imagpart* l i; 
complex Values(): 1601); 
count2=length(complexValues)/1601; 
for count = I :count2 
complexSets(count,:)=complexValues((count-1 )* 160 I+ 1 +Startindex:count* 1601-(1601-Stoplndex)); 
end 
¾ cappfin= l ; 
indpfin(l: length( complex Sets(: , I)))= I ; 
capsfin(l :length(complexSets(:, I)))= I; 
¾ indsfin= I; 
respfin(l : length( complexSets(:, I)))= I ; 
squares(!: length(complexSets(: , 1)))= 10000000; 
SC=(SCMX-SCMN)/199; 
SI=(SIMX-SIMN)/ 199; 
PR=(PRMX-PRMN)/99; 
load=RealStart+ImagStart* Ii; 
Imped=50. *((l + load) ./(1-load)); 
for a = l :200 
for b = 1:200 
a 
b 
for c = I: 100 
indpar(a)=SI*(a- l)+SIMN; 
capser(b )=SC *(b-1 )+SCMN; 
respar(c)=PR *(c-1 )+PRMN; 
indp= lndA(Freq, ind par( a)); 
caps=CapA(Freq,capser(b) ); 
resp=respar( c); 
fin l =par(Imped,indp); 
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end 
end 
fin2=ser(fin 1,caps); 
fin3=par(fin2,resp ); 
for x = 1 :count2 
squaretest=square(fin3 ,complexSets(x,:)); 
if squaretest < squares(x) 
squares(x)=squaretest; 
indpfin(x)=indpar(a); 
capsfin(x)=capser(b ); 
respfin(x)=respar( c ); 
end 
end 
end 
indpfin=indpfin'* I 01'6; 
capsfin=capsfin'* I 0" 12; 
respfin=respfin'; 
sq uares=sq uares'; 
function cap=CapA(Freq,Cap V) 
cap= ! ./(Ii . *2. *pi.*Freq. *CapV); 
function ind=IndA(Freq,IndV) 
ind= Ii . *2. *pi. *Freq. *IndV; 
function para=par(Z l ,Z2) 
Zl; 
Z2; 
para= I ./(1 ./Z I+ l./Z2); 
function seri=ser(Z I ,Z2) 
Zl; 
Z2; 
seri=Z I +Z2; 
function squared=square(a,b) 
b=b.' ; 
A=(a-50)./(a+SO); 
absolute=abs(A-b ); 
squared=sum( absolute) ; 
Matching Network Plotter 
fid=fopen('test2. txt'); 
A =textscan( fid,'o/os') ; 
timesbefore=strmatch('Time',A {I}); 
timeindex=timesbefore+ I ; 
timesstring=A {I} (timeindex); 
timesDie=str2double(timesstring); 
Values=A{I }; 
Values([ timesbefore, ti meindex ])=[]; 
Values=str2double(Values ); 
realpart=Values(I :2:end); 
imagpart=Values(2:2 :end); 
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for a= l :length(DieTime)-1; 
indices(a)=find(DieTime(a+ I )==timesDie ); 
indicesRes(a)=find(DieTime(a+ l )==ResTim); 
end 
indices=indices'; 
indicesRes=indicesRes' ; 
for b=l :length(indices) 
realDie(b,:)=realpart((indices(b)-1)* 1601 +961 :((indices(b))*1601)-(1601-1067)); 
irnagDie(b,:)=imagpart((indices(b )-1 )* 1601 +961 :((indices(b ))* 1601 )-( 1601-1067)); 
end 
for c= l :length(realpart)/ 160 I 
realFirst( l ,c )=real part( 1601 *( c-1 )+961 ); 
irnagFirst( l ,c )=imagpart( 1601 *( c-1 )+961 ); 
end 
for d= 1: length(indicesRes) 
resDie( d, 1 )=ResFreq(indicesRes( d), I); 
end 
rea!Ratio=(G lucose( I )-Glucose( end))/(realFirst( 1, I )-rea!First( l ,end)); 
imagRatio=(G lucose( I )-Glucose( end))/(imagFirst( 1, I )-imagFirst( I ,end)); 
Res Freq Ratio=( GI ucose( I )-Glucose( end) )/(ResFreq( l )-ResFreq( end)); 
rea!G lucose=(rea!First-rea!First( I)). *rea!Ratio+Glucose( l ); 
imagG lucose=(imagFirst-imagFirst( I)). *imagRatio+Glucose( 1 ); 
ResFreqG lucose=(ResFreq-ResFreq( 1 )). *ResFreqRatio+G lucose( I); 
figure(!) 
Tirnes=times/60; 
plot(Tirnes,respfin,' . ') 
title('Parallel Resistance in Variable Matching Circuit') 
legend('Parallel Resistance, Subject I') 
xlabel('Time (min)') 
ylabel('Parallel Resistance (Ohms)') 
figure(2) 
plot(Tirnes,capsfin,'. ') 
title('Series Capacitor in Variable Matching Circuit') 
legend('Series Capacitance, Subject I ') 
xlabel('Time (min)') 
ylabel('Series Capacitance (pF)') 
figure(3) 
plot(Tirnes,indpfin,'.') 
title('Parallel Inductor in Vari able Matchi ng Circuit') 
legend('Parallel Inductance, Subject I') 
xlabel('Time (min)') 
ylabel('Parallel Inductance (uH)') 
figure( 4) 
plot(Tirnes,squares,'.') 
title('Sum of Absolute Differences in Variable Matching Circuit') 
legend('Sum of Absolute Differences, Subject I') 
xlabel('Time (min)') 
ylabel('Sum of Absolute Differences') 
figure(5) 
plot(ResTinv'60,ResFreq,' .') 
title('Resonant Freq of Antenna vs Time') 
legend('Subject I') 
xlabel('Time (min)') 
ylabel('Resonant Frequency of Antenna (MHz)') 
figure(6) 
plot(DieTime/60,Glucose,'.') 
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title('Glucose Level vs Time') 
legend('Subject I') 
xlabel('Time (min)') 
ylabel('Glucose Level (mg/di)') 
%%% 
DieTime2=DieTime(2 :end); 
dieTimesString=num2str(DieTime2); 
figure(?) 
plot(Freq/ 10"'6,realDie') 
title('Real S 11 Values vs Time') 
legend( dieTimesS tring) 
xlabel('Freq(MHz)') 
ylabel('S 11 (Real)') 
figure(8) 
plot(Freq/ I 0"'6, imagDie') 
title('lmaginary S 11 Values vs Time') 
legend(dieTimesString) 
xlabel('Freq(MHz)') 
ylabel('S 11 (!mag)') 
figure(9) 
plot(Tirnes,realG lucose, Times, imagG lucose,ResTim/60,ResFreqG lucose,DieTime/60,G I ucose,'o') 
title('Expected Glucose Levels vs Time') 
legend('Expected Glucose Values, based on Real Part','Expected Glucose Values, based on !mag Part', ... 
'Expected Glucose Values, based on Res Freq','Actual Glucose Level') 
xlabel('Time (min') 
ylabel('Glucose Level (mg/di)') 
%%%%% Clarke 
realClarkeGlucose=(realDie(:, l )-rea\First(l)) . *rea!Ratio+Glucose( I); 
G lucoseC!arke=G lucose(2 :end, I); 
clarke( G lucoseClarke,realClarkeG l ucose) 
imagClarkeG lucose=(imagDie(: , I )-imagFirst( I)). *imagRatio+Glucose( 1 ); 
clarke( G lucoseClarke, imagClarkeG lucose) 
resClarkeG lucose=(resDie(: , l )-ResFreq(l )). *ResFreqRatio+G lucose( I); 
clarke( G lucoseClarke,resClarkeG lucose) 
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